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A  Scanning  Tunneling  Microscopy  Investigation  of  the  Annealing 

of  the  Au(iil)  Surface 


Shelly  R.  Snyder 

Department  of  Chemical  Engineering  and  Materials  Science 
University  of  Minnesota 
Minneapolis,  MN  55455 


Scanning  tunneling  microscopy  (STM)  and  atomic  force  microscopy  (AFM)  are 
being  used  extensively  in  investigations  of  surface  chemistry  in  real  space  and  time  and  in  a 
wide  range  of  environments  (vacuum,  air,  and  liquids).  The  study  of  molecular 
adsorbates^^l  using  scanned  probe  techniques  generally  requires  an  atomically  flat  substrate 
in  order  to  resolve  atomic  and  molecular  features  of  the  adsorbate.  Highly-oriented 
pyrolytic  graphite,  HOPG,  which  is  readily  cleaved  to  provide  an  atomically  flat  surface, 
has  been  used  extensively  in  the  past  as  a  substrate  for  STM  studies.  Despite  the  advantage 
of  ease  of  surface  preparation,  many  molecular  adsorbates  are  weakly  physisorbed  to 
HOPG  and  are  prone  to  tip-induced  surface  translations,  making  them  difficult  to  image  by 
scanned  probe  techniques. 

We  have  recently  used  a  technique  developed  by  Hsu  and  Cowley^^i  for  preparing 
atomically  flat  Au  surfaces,  which  appears  particularly  promising  as  a  conductive  substrate 
for  STM  investigations  of  adsorbed,  electroactive  films  of  transition  metal  complexes.  This 
technique  involves  heating  a  Au  wire  in  a  H2/O2  flame  to  form  a  small  molten  Au  sphere, 
which  is  subsequently  cooled  and  annealed  to  yield  atomically  flat  crystalline  surface  facets 
on  the  order  of  several  tenths  of  a  milbmeter  in  diameter.  The  following  report  describes 
how  the  quenching  and  annealing  procedure  can  affect  the  formation  and  morphology  of 
Au(l  11)  facets.  In  particular,  we  show  that  elastic  and  plastic  deformations  that  occur  in 
the  Au  sphere  upon  rapid  cooling  can  propagate  across  the  facet  to  produce  highly-ordered 
surface  features  with  corrugation  amplitudes  of  -2-12  A  and  a  periodicity  of  ~60A 
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superimposed  on  atomically  flat  terraces.  The  effects  of  annealing  the  Au  sphere  on  this 
structure  and  the  appearance  of  the  V3  x  22  surface  reconstruction  of  Au  (111)  are 
discussed. 

The  structure  of  the  Au  surface  has  been  investigated  extensively  by  reflection 
electron  microscopy l^l,  transmission  electron  microscopy  {TEM)l^l,  helium  atom 
scatteringl^l,  LEEDt^l,  and  x-ray  diffiractionl^l.  Several  research  groups  have  characterized 
the  Au(l  11)  surface  by  STM.  In  vacuum  studies,  Kaiser  and  Jaklevict^l  reported  large  area 
topographic  images  of  Au  while  Hallmark  et.  al.i^l  first  reported  atomic  corrugations  on  the 
Au(l  1 1)  surface.  Stacking  fault  dislocations  and  reconstructions  of  the  Au(l  1 1)  surface 
have  been  studied  with  atomic  resolutionf  *  *1.  In  addition,  the  nucleation  and  growth  of 
various  metals  on  Au(lll)  has  been  studied  by  several  groupsH^l  as  well  as  tip-induced 
surface  modificationsil^’l^l.  The  topography  of  Au(lll)  in  organic  solvents  has  been 
investigated  by  Haiss  et.  al.fl^l  and  Sass  et.  al.H^l.  Electrochemical  studies  on  Au(l  1 1)  by 
Wiechers  et  al.^'^l  and  Trevor  et.  al.H^l  have  shown  that  the  surface  roughens  and  forms  a 
layer  of  oxide  during  potential  cycling.  A  recent  and  detailed  STM/electrochemical 
investigation  by  Weaver  et.  al.H^]  demonstrates  the  capability  to  observe  potential- 
dependent  reconstructions  of  the  Au(l  10)  surface.  The  following  work  adds  to  the  body  of 
knowledge  on  Au  surfaces  by  investigating  the  effect  of  annealing  and  quenching  ton  the 
formation  of  smooth  and  regular  Au(l  1 1)  facets  designed  to  be  used  as  a  substrate  for  the 
study  of  molecular  adsorbates. 


Experimental 

Au  wire  (0.1  mm  diameter,  99.999%  purity)  was  obtained  from  Aesar/Johnson 
Matthey  and  cleaned  with  methanol,  acetone  and  water.  Au  spheres  were  formed  by 
heating  one  end  of  the  wire  in  a  H2/C)2  flame  until  red  hot  and  molten.  A  -1  mm  diameter 
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sphere  is  formed  at  the  end  of  the  wire  upon  cooling.  The  size  of  facets  on  this  substrate, 
which  are  readily  observed  under  a  low  power  optical  microscope,  can  be  markedly 
increased  by  annealing  the  Au  sphere  in  a  cooler  region  of  the  H2/O2  flame.  The  Au  sphere 
was  oriented  in  a  home-built  specimen  holder  so  as  to  expose  a  facet  for  STM  studies. 

Experiments  were  performed  in  air  using  a  Nanoscope  II  (Digital  Instruments  Inc.) 
STM.  Images  were  recorded  in  the  constant  current  mode  using  the  bias  voltages  and 
tunneling  currents  reponed  in  the  figure  captions.  STM  tips  were  prepared  by  mechanically 
cutting  Pt-Rh  (80-20%)  wire.  Images  are  typically  low-pass  filtered  to  reduce  noise. 

Results  and  Discussion 

Fig.  1  shows  an  1860  nm  x  1860  nm  region  of  a  Au(l  1 1)  facet  on  a  well-annealed 
Au  sphere  formed  by  the  above  described  procedure.  The  facet  is  characterized  by  large 
atomically  smooth  triangular  shaped  terraces  which  extend  for  several  thousands  of 
nanometers  on  edge.  The  height  of  monoatomic  steps  at  the  terrace  edge  is  2.4  +  0.1  A, 
which  is  the  atomic  lattice  spacing  in  Au.  Several  defea  lines  in  the  lower  half  of  the  image 
cross  the  triangular  terrace  but  do  not  disrupt  i^s  macroscopic  structure.  Fig.  2  is  a  high 
resolution  image  of  an  Au(l  1 1)  facet  showing  the  hexagonal  arrangement  of  Au  atoms  with 
an  interatomic  spacing  of  3.0  A,  slightly  larger  the  accepted  value  of  2.88  A.  The 
hexagonal  packing  is  characteristic  of  the  unreconstructed  Au(l  1 1)  surface. 

Figure  3  shows  a  80  nm  x  80  nm  image  of  the  V3  x  22  reconstr..caon  of  Au(l  1 1) 
on  a  well-annealed  facet  Reconstructions  on  the  (100)  surfaces  of  Pt  and  Au  as  well  as  the 
(111)  face  of  Au  are  the  result  of  a  hexagonal  surface  layer  of  atoms  which  overlays  the 
bulk  cubic  structurel^’^'^O].  The  reconstruction  lines  have  been  attributed  to  the  transition 
between  the  fee  and  hep  stacking  domains  in  the  trpmost  layer  of  Au  atoms.  These 
stacking  faults  are  the  result  of  a  unidirectional  contraction  of  the  topmost  Au  layer  with 
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respect  to  the  lower  layers  resulting  in  long-range  elastic  strain  in  the  reconstructed  areas. 
The  misfit  between  the  hexagonal  top  layer  and  bulk  cubic  structure  produces  a  small 
vertical  displacement  of  the  atoms  in  the  top  layer. 

The  reconstruction  shown  in  Fig.  3,  known  as  the  "herringbone"  reconstruction 
because  the  reconstruction  lines  bend  at  ±120°  with  respect  to  one  another  in  a  zigzag 
fashion,  has  been  observed  by  other  researchers  in  vacuum  with  both  high  resolution 
TEM121]  and  STMn2d.ll]  goth  the  herringbone  pattern  and  straight  reconstruction  lines 
were  routinely  observed  on  well  annealed  Au(l  11)  samples.  As  indicated  in  a  recent  STM 
studyH^l,  the  fee  region  in  Fig.  3  corresponds  to  the  apparent  minimum  (dark  region) 
separating  two  broad  transition  regions  (bright  rows).  A  second  local  minimum,  in  the 
center  of  the  bright  rows,  corresponds  to  hep  domains.  The  corrugation  amplitude  between 
the  wide  minima  and  maxima  is  -0.2  A,  while  the  corrugation  amplitude  between  the 
narrower  minima  and  wide  maxima  is  -0.03  A.  The  distance  between  adjacent  broad 
minima  in  Fig.  3  is  65  -  75  A,  in  agreement  with  values  reported  in  previous  STMim  and 
He  diffraction  measurements  in  vacuum!^. 

In  addition  to  the  V3  x  22  reconstruction,  which  is  observed  only  on  well- annealed 
surfaces,  we  have  observed  unusually  large  corrugations  on  (111)  surface  of  Au  spheres 
which  have  not  been  annealed.  In  particular,  Au  spheres  which  are  melted  and  then  cooled 
rapidly  in  air  form  macroscopic  ripples  upon  solidification  which  propagate  out  from  the 
region  where  the  wire  meets  the  sphere.  These  macroscopic  surface  ripples,  which  are 
readily  observed  in  a  light  microscope,  tend  to  propagate  around  individual  facets  on  the 
substrate.  However,  STM  images  of  these  well-defined  (111)  facets  indicate  that  elastic 
stresses  in  the  sphere  can  propagate  though  the  crystal  causing  the  (1 1 1)  surface  to  buckle 
along  reconstruction  lines. 

Fig.  4(a)  shows  a  180  nm  x  180  nm  area  of  a  (1 1 1)  facet  which  is  surrounded  by 
macroscopic  ripples.  The  surface  is  covered  with  highly  periodic  rows  (oriented  from  the 
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top  left  to  the  bottom  right  corner  of  the  image)  with  a  spacing  of  -50  A  between  the  rows. 
Corrugation  amplitudes  are  on  the  order  of  2. 1  A,  significantly  larger  than  those  of  the 
normal  reconstruction  (-0.2  A  in  Fig.  3).  In  addition,  the  previous  images  of  the  normal 
reconstruction  shown  in  Fig.  3  show  rows  with  an  approximately  uniform  height  along  the 
length  of  the  row,  while  those  in  Fig.  4(a)  have  regions  along  the  row  which  bulge 
upwards  creating  local  maxima. 

Fig.  (4b)  shows  a  150  nm  x  150  nm  image  of  a  (111)  facet  on  a  different  Au 
sphere.  The  triangular  facets  are  covered  with  rows  whose  spacing  is  -60  A,  but  with  a 
corrugation  amplitude  of  5-12  A,  much  larger  than  seen  in  previous  studies  of  Au.  Once 
again,  the  height  of  a  row  can  vary  along  the  length  of  the  row  and  can  have  local  maxima 
such  as  those  in  Fig.  (4a).  The  rows  pass  from  one  terrace  to  another  without  any 
disruption  in  structure,  as  seen  in  Fig.  4(b).  Fig.  4(c)  shows  another  (111)  triangular  facet 
on  which  rows  with  large  corrugations  are  evident  Again,  the  spacing  between  the  rows  is 
-50  A  and  the  corrugation  amplitude  ranges  from  2.1  A.io  4.0  A.  In  this  image,  there  is  an 
increase  in  the  height  of  the  rows  along  the  edge  of  the  terrace  and  decrease  on  either  side 
of  the  edge.  Fig.  4(d)  is  a  surface  plot  of  the  area  in  Fig.  4(a)  emphasizing  the  corrugation 
amplitude  of  these  rows.  Fig.  5  compares  the  topographic  profile  of  the  normal  V3  x  22 
reconstructions  on  Au(lll),  shown  in  Fig.  3,  with  that  of  the  rows  with  the  large 
corrugation  amplitudes  shown  in  Fig.  4(b).  Even  though  the  periodicity  of  the  rows  is 
approximately- the  same,  the  difference  in  the  corrugation  amplitude  between  the  two  is 
-35x  (note  the  differences  in  the  y  axis  scale). 

Previous  high  resolution  TEM  studiesI^Z]  of  the  Au(l  1 1)  surface  indicate  that  this 
surface  can  undergo  inhomogeneous  plastic  and  elastic  deformations  giving  rise  to  a 
buckled  surface  structure  when  a  large  positive  tangential  surface  pressure  is  applied. 
Corrugation  amplitudes  in  the  buckled  region  (as  measured  from  edge-on  micrographs) 
were  found  to  be  as  large  as  15  A.  The  electronic  configuration  of  the  Au  atomst^^l,  in 
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particular,  the  inherent  cohesive  forces  resulting  from  interactions  of  the  6sp  and  5d 
electrons,  has  been  used  as  a  basis  to  explain  the  buckling  which  can  occur  on  Au(l  1 1) 
surfaces.  The  termination  of  the  bulk  lattice  at  the  surface  creates  an  imbalance  in  these 
electronic  forces  (see  refs.  22  and  23),  resulting  in  a  positive  tangential  surface  pressure 
that  can  be  relieved  by  the  observed  buckling  of  the  surface.  However,  in  the  present 
studies,  the  tangential  surface  pressure  most  probably  results  from  macroscopic  stresses 
throughout  the  Au  sphere  that  arise  during  rapid  solidification.  This  view  is  supported  by 
the  fact  that  the  large  corrugated  rows  are  not  observed  on  carefully  annealed  samples. 

Moritz  and  Wolfl24]  have  attributed  distortions  on  Au  surfaces  to  rotation  of  the 
(111)  microfacets  with  respect  to  one  another.  The  processes  which  contributed  to  the 
surface  distortion  were  thought  to  involve  several  atomic  layers.  No  evidence  was  found  in 
the  present  study  to  support  this  mechanism.  Giant  corrugations  have  been  documented 
on  HOPG  and  are  believed  to  involve  a  rotational  mismatch  of  the  top  graphite  layer  with 
respect  to  the  lower  laycrsC251. 

It  is  interesting  to  note  that  the  periodicity  of  the  large  corrugations  (50  -  65A)  is 
similar  to  that  of  the  spacing  between  maxima  and  minima  observed  on  the  V3  x  22  Au 
surface  (64A).  Whether  this  finding  is  coincidental  or  is  due  to  a  transition  between  the 
two  structures  upon  annealing  is  not  known  and  is  currently  being  investigated. 

Conclusions 

This  work  shows  that  the  Au(l  11)  facets  formed  on  Au  sphere  can  exhibit  not  only 
the  normal  V3  x  22  reconstruction  with  corrugation  amplitudes  in  the  range  of  -0.2  A,  but 
can  also  exhibit  rows  with  anomalously  high  corrugation  amplitudes  of  -2-12  A.  Although 
the  mechanism  by  which  these  rows  are  produced  is  not  full  understood,  it  is  postulated 
that  elastic  stresses  in  the  Au  sphere  can  propagate  through  the  crystal  the  Au(l  11)  surface 
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to  buckle.  Work  is  in  progress  to  determine  the  conditions  during  the  solidification  and 
annealing  process  which  lead  to  these  highly  corrugated  surface  structures. 
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Figure  Captions 


Figure  1.  STM  image  of  a  well-annealed  Au(l  1 1)  facet.  Sample  bias  voltage,  Vj,  =  50.0 
mV  and  tunneling  current.  It,  =  3.3  nA. 

Figure  2.  High  resolution  STM  image  showing  atomically  corrugation  on  an  Au(  111) 
facet.  (Vt  =  10.4  mV;  It  =  14.9  nA.) 

Figure  3.  STM  image  of  the  V3  x  22  reconstruction  of  Au(l  1 1).  (Vt  =  -80.6  mV;  It  =  1.8 
nA.) 

Figure  4.  STM  images  of  the  large-amplitude  corrugated  (111)  surface  of  rapidly  quenched 
Au.  (a)  Image  showing  a  Au(l  1 1)  facet  covered  with  rows  with  periodicity  -50  A  and 
corrugation  amplitude  ~2.1  A.  (Vt  =  -174.9  mV;  It  =  2.3  nA.);  (b)  Image  of  a 
microfaceted  region  covered  with  rows  of  corrugation  amplitude  ~5-12A  and  periodicity 
~60  A..  The  rows  continue  from  one  microfacet  to  another.  (Vt  =  -131.5  mV;  It  =  0.1 
nA.);  (c)  Image  of  the  apex  of  a  triangular  terrace  covered  by  rows  with  a  periodicity  of 
~50  A  and  corrugation  amplitude  ranging  from  ~2.1  A  to  -4.0  A.  (Vt  =  174.9  mV;  It  =  3.4 
nA.);  (d)  Surface  plot  of  the  area  imaged  in  Fig.  4(b).  In  this  section  of  the  sample,  the 
corrugation  amplitude  is  -4.0  and  the  spacing  is  -66  A.  (Vt  =  -131.5  mV;  It  =  0.1  nA.) 

Figure  5.  Lines  profiles  across  the  (a)  V3  x  22  reconstruction  of  Au(l  1 1)  in  Fig.  2,  and  (b) 
the  large  corrugated  rows  shown  in  Fig.  3(b).  Note  change  in  scale  of  the  corrugation 
amplitude. 
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